A linear relation between surface electromyogram (EMG) amplitude and muscle force is often assumed and used to estimate the contributions of selected muscles to various tasks. In the presence of muscle fatigue, however, changes in the properties of muscle fibre action potentials and motor unit twitch forces can alter the relation between surface EMG amplitude and force. A novel integrative model of motor neuron control and the generation of muscle fibre action potentials was used to simulate surface EMG signals and muscle force during three fatigue protocols. The change in the simulated relation between surface EMG amplitude and force depended on both the level of fatigue and the details of the fatiguing contraction. In general, surface EMG amplitude overestimated muscle force when fatigue was present. For example, surface EMG amplitudes corresponding to 60 per cent of the amplitude obtained at maximal force without fatigue corresponded to forces in the range 10-40% of the maximal force across three representative fatigue protocols. The results indicate that the surface EMG amplitude cannot be used to predict either the level of muscle activation or the magnitude of muscle force when the muscle exhibits any fatigue.
Introduction
The surface electromyogram (EMG) amplitude is often used to estimate the level of force produced by the muscle in conditions when it is not possible to measure the force directly (Wang & Buchanan 2002; Bogey et al. 2005; Hoozemans & van Dieën 2005; Koo & Mak 2005; Staudenmann et al. 2007; Gatti et al. 2008) . Such an application assumes a constant relation between surface EMG amplitude and muscle force. However, some of the determinants of EMG amplitude can change during tasks performed for relatively long durations. For example, both the force capacity and the electrophysiological membrane properties of the muscle fibres can change during fatiguing contractions, which will usually alter the relation between EMG amplitude and muscle force.
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The amplitude of the twitch force produced by individual motor units decreases and the velocity of the contraction slows in the presence of fatigue (Thomas et al. 1991; Fuglevand et al. 1999) . These types of adjustments alter the amount of activation required by the muscle to maintain a constant force. Moreover, the shapes of motor unit action potentials can change during fatiguing contractions (Dimitrova & Dimitrov 2003) . The changes in motor unit twitch force and action potential shape will alter the EMG-force relation, which may become non-linear, as has been observed experimentally during contractions that are sustained at a constant force (de Luca 1984; Fuglevand et al. 1993b; Merletti & Lo Conte 1997; Carpentier et al. 2001) . One of the hallmarks of the adjustments that occur during fatiguing contractions, however, is that they depend on the details of the task being performed (Enoka & Stuart 1992) , which makes changes in the EMG-force relation difficult to predict experimentally.
Although several models of EMG generation and muscle force have been proposed (e.g. Fuglevand et al. 1992 Fuglevand et al. , 1993a Baker & Lemon 1998; Duchêne & Hogrel 2000; Farina et al. 2004; Erdemir et al. 2007 ), most do not include time-varying parameters that can be used to simulate fatiguing contractions. We have recently proposed an integrative model of both surface EMG and force generation that includes the time-varying adjustments induced by fatigue (Dideriksen et al. 2009, submitted) . This model provides a unique tool for inferring how EMG and muscle force change during different types of fatiguing contractions. The aim of the study was to investigate the influence of fatigue on the relation between EMG amplitude and muscle force using a set of models that describe the neural, muscular and contractile elements involved in performing a motor task.
Methods
The approach comprises the simulation of surface EMG signals in the presence of a progressive accumulation of intramuscular metabolites during a sustained contraction. The simulations were based on models that describe the activity of a population of motor neurons, the accumulation of metabolites within the muscle, and the generation of surface-recorded motor unit action potentials. The modelled muscle was the first dorsal interosseus, which is the muscle responsible for index finger abduction. These models have been described separately in previous work and are integrated in the current study to examine the influence of fatigue on the EMG-force relation. An overview of the main features of the simulation models is shown in figure 1 , the key model parameters are stated in table 1 and the detailed equations for the model elements are reported in the appendix.
(a) Metabolite concentration model
The accumulation of metabolites in the muscle during sustained activity has a direct effect on the activation of muscle (Bigland-Ritchie et al. 1986; Gandevia 1998) , the contractile properties of the muscle fibres (Fitts 1994; Allen et al. 2008 ) and the electrophysiological properties of the muscle fibre membranes (Dimitrova & Dimitrov 2003; Gazzoni et al. 2005) . The simulation of metabolite concentrations was implemented as a compartment model of the metabolite dynamics in the intramuscular milieu (figure 1b; Dideriksen et al. submitted) . As changes in metabolite concentrations are responsible for many of the adjustments during a fatiguing contraction, the output of the metabolite model served as input to the other models to drive the adjustments that occurred during the simulated fatiguing contractions. Although the concentration of several metabolites is altered during fatiguing contractions (Allen et al. 2008) , the model represents the net effect with one equivalent compound substance. The metabolite model comprised one compartment for each motor unit (n = 120 in this study) and one compartment representing the extracellular space. The metabolite concentrations in each compartment were defined by the production (p), diffusion (d) and removal (r) of metabolites. Metabolite production occurred in each motor unit compartment and was related to the number of action potentials discharged by the motor unit. The diffusion of metabolites between each motor unit compartment and the compartment representing the extracellular space was determined by the concentration gradient between these compartments. The metabolites that diffused into the extracellular compartment were removed into the blood supply, with the removal rate being determined by the metabolite concentration in the extracellular compartment and the blood flow within the muscle. As blood flow was gradually occluded at high forces (Sjøgaard et al. 1988; Crenshaw et al. 1997) , the magnitude of metabolite removal declined over time. Equation (2.1) characterizes the differential equation for the intracellular metabolite concentration in each motor unit (MU; MC MU ) and equation (2.2) specifies the extracellular metabolite concentration (V = volume).
) Motor neuron model and control algorithm
The function of the motor neuron pool was based on a model developed by Fuglevand et al. (1993a) . Based on the amplitude of the descending drive, the model computes the number of active motor units and the rate at which they discharge action potentials. The recruitment threshold for each motor unit is based on an exponential association between motor unit size and the net excitatory drive to the motor neuron pool, whereas the discharge rate after recruitment increases linearly with the increase in net excitatory drive up to a saturation limit (Fuglevand et al. 1993a) .
To track a target force when the model parameters vary across time, the input to the model of the motor neuron pool was adjusted over time to minimize the error between the target force and the simulated force. The adjustment was accomplished with a PID control algorithm (equation (2.3)),
where REI denotes the required excitatory input to the motor neuron pool model to maintain the target force, e is the error in the simulated force relative to the target force, and K p , K i and K d are the controller gains, which were chosen so that the tracking accuracy resembled experimental data (Jones et al. 2002; Dewhurst et al. 2007 ).
(c) Neural adjustments during sustained contractions
As motor units activated at the onset of a sustained contraction generally exhibit a decline in discharge rate, a target force is maintained by the progressive recruitment of additional motor units (Bigland-Ritchie et al. 1983; Garland et al. 1994; Carpentier et al. 2001; Mottram et al. 2005) . The discharge rate of the newly recruited motor units initially increases, but then eventually also declines (Carpentier et al. 2001) .
The instantaneous discharge rate of each motor unit was determined by the net synaptic input (NSI) to the motor neuron, which was the sum of the descending drive provided by the PID controller (DD), excitatory and inhibitory afferent inputs (EAI and IAI), and synaptic noise (SN). The EAI declines during fatiguing contractions, as indicated by a decline in the magnitude of the H-reflex (Duchateau et al. 2002) , whereas the inhibitory afferent feedback increases as a function of metabolite concentration (Bigland-Ritchie et al. 1986 ). The net effect of these changes in afferent input to the motor neuron pool during a sustained contraction is a gradual decline in excitation, which must be compensated by an increase in descending drive to achieve the target force.
(d) Muscular adjustments during sustained contractions
The model for the isometric force produced by each motor unit was based on one developed by Fuglevand et al. (1993a) , which was extended to a timevarying model. The force generated by each motor unit at a given discharge rate changes during fatiguing contractions that can be characterized by a decrease in force amplitude and an increase in contraction time (figure 1c). However, the magnitude of these changes varies with motor unit size (Thomas et al. 1991; Fuglevand et al. 1999) . Equation (2.4) describes the shape of the simulated motor unit twitch (t): P denotes the force amplitude, T the contraction time, gain f indicates a non-linear gain that depends on the discharge rate, and the two gain functions P g and T g alter the amplitude and contraction time of the motor unit twitch as a function of the metabolite concentration in its compartment,
The shape of a motor unit action potential changes during fatiguing contractions owing to modulation of the intracellular action potential and its velocity of propagation (Dimitrova & Dimitrov 2003) . The changes in the shape of the single motor unit action potential as detected with a monopolar surface electrode are depicted for three motor units in figure 2. The surface EMG model involved the simulation of action potentials from a multilayer cylindrical volume conductor (Farina et al. 2004) . The inner layer represented muscle, the next layer corresponded to subcutaneous tissue, and the outermost layer, on which the recording electrodes were placed, represented the skin. Based on the assigned thickness and conduction characteristics of each layer, a transfer function for the intracellular action potential at the detection point was computed. Changes in the surface-recorded action potential shape were characterized by 12 stages for the intracellular action potential, which were associated with changes in conduction velocity (Dimitrova & Dimitrov 2003) .
Conduction velocity decreases with fatigue (Gazzoni et al. 2005; Klaver-kròl et al. 2007 ) and with the instantaneous discharge rate of the motor unit (Nishizono et al. 1989) . The simulated conduction velocities, therefore, were determined from the combination of two functions that described these two effects (equation (2.5)): MUCV DR defined the instantaneous value and DMUCV MC represented the percentage decrease from this value,
Three representative fatigue protocols were simulated. (i) Ramp contractions from 0 to 100 per cent maximum voluntary contraction (MVC; 17 s rise, 3 s pause) repeated for 380 s (19 ramps). The mean values for force and rectified EMG amplitude were obtained during each of the ramp contractions in epochs of 1 s and used to estimate the EMG-force relation. (ii) Two sustained contractions with an equivalent area under the force curve: 30 and 60 per cent MVC force sustained for 120 s and 60 s, respectively. After each sustained contraction, a 5 s pause was followed by a 20 s ramp contraction in which force was increased to the 100 per cent MVC value. The ramp contraction, which was also simulated in the absence of fatigue, was used to estimate the EMG-force relation before and after the sustained contractions. (iii) Contractions with different target forces were sustained for longer than the time to task failure (20% MVC for 600 s; 35% MVC for 350 s; 50% MVC for 220 s; 65% MVC for 190 s; 80% MVC for 17 s). Task failure was defined as the point where the required excitatory input exceeded the maximal level, and therefore the target force could not be achieved. The EMG amplitudes during these contractions indicated changes in the EMG-force relation.
The surface EMG signals were simulated 10 times for each condition by randomly assigning the locations of the muscle fibres within the muscle, which corresponds to the variability that would be observed for measurements on different subjects.
Results
(a) Simulation protocol 1 Figure 3 depicts the simulated EMG and force traces for the first of the 19 ramp contractions in the first protocol and the change in the relation between the average rectified EMG amplitude and force during the 1st, 7th, 13th and 19th ramps is shown in figure 4a . The EMG-force curve is shifted to the left with increasing levels of fatigue, which means that EMG amplitude underestimated the level of force as fatigue developed in this protocol. For example, an EMG amplitude of 80 per cent MVC corresponded to approximately 65 per cent force during the first ramp contraction but to only approximately 45 per cent force during the 13th ramp. Figure 4b depicts the number of single muscle fibre action potentials during the same four ramp contractions shown in figure 4a. Owing to the fatigueinduced slowing of the contraction time of the motor unit twitch, the target force is achieved with fewer action potentials in the 7th ramp than in the first (the curve is shifted to the right). In the 13th and 19th ramps, however, the amplitude of the motor unit twitch declined significantly and a greater number of action potentials were required to achieve the target force than in the first ramp (the curve is shifted to the left). Owing to changes in the shapes of the motor unit action potentials, near-maximal EMG amplitudes were achieved in the 7th and 13th ramps, even though the number of muscle fibre action potentials was only approximately 70 per cent of the maximal value in both cases.
(b) Simulation protocol 2
The second protocol involved contractions sustained at either 30 or 60 per cent MVC and then a ramp contraction to maximal force (figure 5a). Owing to the fatigue that developed in the simulated muscle, however, 100 per cent MVC was not achieved in the subsequent ramp contraction from which the EMGforce relations were derived (figure 5b). The EMG-force curves for the ramps following the 30 and 60 per cent MVC contractions are both shifted to the left relative to the non-fatigue curve; the effect is greater for the 30 per cent MVC contraction. The maximal EMG amplitude for the ramp contraction performed after the 60 per cent MVC task was approximately 6 per cent less than that for 
(c) Simulation protocol 3
The third protocol involved five contractions sustained at different target forces beyond task failure (figure 6). The EMG amplitudes increased during the intervals when force was maintained at the target level, whereas both EMG amplitude and force decreased, but at different rates, when the target force could not be sustained any longer. The initial increase in EMG amplitude for the contractions less then 80 per cent MVC is due to the combined influence of an increased number of action potentials and an increase in the area of each action potential.
The simulations for the third protocol indicated that approximately 65 per cent of maximal EMG amplitude was achieved in contractions ranging from 20 per cent to 50 per cent force (figure 6). Moreover, EMG amplitude was not monotonically associated with force across the different conditions. For example, there were conditions under which EMG amplitude was greater at 20 per cent MVC force (e.g. at the time interval of approx. 60% with respect to the point of task failure) than at 35 per cent MVC force (e.g. at approx. 45% of the contraction duration).
(d) Summary of the simulated EMG-force relations
The simulated relations between EMG amplitude and force during the three protocols are summarized in figure 7 . The dashed lines indicate the boundaries obtained from this set of simulations. The lower bound corresponds to the nonfatigue condition and can be approximated by a quadratic polynomial, where The upper bound was derived from the task failure conditions and can be approximated by a linear polynomial, where EMG and force are expressed as percentages of MVC, EMG = 0.79f + 52.6. (3.2) Figure 7 indicates the large variability of the EMG-force relation when fatigue is present. For example, 60 per cent of EMG amplitude may correspond to forces that range from 10 per cent to 40 per cent MVC force.
Discussion
The aim of this study was to investigate the influence of muscle fatigue on the relation between surface EMG amplitude and muscle force. The results indicate that muscle fatigue substantially alters this relation by shifting the EMG-force curve to the left. The magnitude of the effect, however, depends on the task that was simulated and the level of fatigue experienced by the muscle. As the muscle fatigued, similar levels of EMG amplitude were observed for muscle forces that differed from each other by up to 40 per cent MVC force. In the non-fatigued muscle, the relation between EMG amplitude and force has been often reported as linear (Inman et al. 1952; Lawrence & de Luca 1983; Maluf et al. 2005) . In the present simulations, however, the data were more accurately approximated with a quadratic polynomial (equation (3.2)), as has been observed experimentally (Day & Hulliger 2001 ). An increase in the EMG amplitude at constant force levels as simulated in the first and third protocols has been observed experimentally in the first dorsal interosseus muscle in several studies (Fuglevand et al. 1993b; Carpentier et al. 2001; Maluf et al. 2005) . The trends in the EMGforce relation simulated in the third protocol before the point of task failure across contraction levels are similar to those reported by Fuglevand et al. (1993b) . Moreover, the EMG amplitude has been shown to remain steady immediately after the force level begins to decline at task failure (de Luca 1984), as also predicted by the model; this phase is followed by a decline, described by the model and experimentally observed by Bigland-Ritchie et al. (1983) .
Many physiological properties of the muscle (e.g. number of motor units, innervation number, range of peak discharge rates and motor unit synchronization) can influence the EMG-force relation (Fuglevand et al. 1993a; Yao et al. 2000; Keenan & Valero-Cuevas 2007) . The relative significance of these parameters, however, is uncertain and surely varies between muscles (Keenan & Valero-Cuevas 2007) and with the type of contraction performed by the muscle (Keenan et al. 2009 ). Moreover, the presence of muscle fatigue further confounds the relation.
The current results indicate that it is not possible to predict with any accuracy the level of either muscle force or muscle activation in the presence of fatigue. Moreover, the change in the relation differed across the protocols used to induce fatigue, which reduces the possibility of compensating for the influence of fatigue with even a modelling approach. Several factors are responsible for the influence of task on the change in the EMG-force relation. For example, the rate of accumulation of metabolites in non-active motor units, and thereby their ability to produce force when recruited, depends non-linearly on the number of active motor units as well as on the extent to which blood flow is occluded. These effects were responsible for most of the differences between sustained constantforce contractions and intermittent ramp contractions. Furthermore, motor unit conduction velocity, which determines the shape of the action potential, depends on both metabolite concentrations and the instantaneous discharge rate, which varied across the fatigue protocols.
Consider, for example, the adjustments exhibited by moderate-and large-sized motor units during the second protocol. The motor units of moderate size are active during most of the 30 per cent MVC contraction and they experience a prolongation of twitch relaxation time that is greater than the decrease in the twitch amplitude (Thomas et al. 1991) , which results in them being able to produce the same force at lower discharge rates. Conversely, larger motor units that are active during the 60 per cent MVC contraction experience a greater decrease in twitch force relative to the slowing of relaxation, which means that force declines at the same discharge rate. These two scenarios alter the EMG-force relation by influencing the EMG amplitude both directly (number of action potentials) and indirectly (change in the shape of the action potential).
In addition to being used to estimate muscle force, EMG amplitude is also often used as an indirect measure of the neural drive to the muscle during fatiguing contractions (St Clair Gibson et al. 2001; Ansley et al. 2004) . As the results of the first protocol indicate, however, fewer muscle fibre action potentials are required to produce the target force during some fatiguing conditions despite the EMG amplitude remaining at its maximal level (ramp no. 7) and failed to represent the depression in the neural drive to the muscle. Although the magnitude of the neural drive and the EMG amplitude are partly associated, interpretations require caution (Farina et al. in press) .
The findings in the current study, however, are based on a rather limited model of a functional neuromuscular system. The simulations are limited as several muscle parameters in the model were estimated indirectly by matching simulation results with previous experimental results (Dideriksen et al. submitted) . Nonetheless, one advantage of such computational work is that it identifies gaps in knowledge that need to be addressed in subsequent experimental studies. For example, the simplified description of the metabolite accumulation includes only one metabolic compound substance, whereas several substances with different dynamics are responsible for muscle fatigue (Allen et al. 2008) . The current knowledge within this field, however, does not allow precise modelling of all the metabolites and their interactions. Furthermore, the critical relation between the propagation velocity and the change in the shape of the intracellular action potential is not well described in the literature and is solely based on in vitro animal recordings. Finally, the model includes only one muscle and is therefore unable to simulate the interplay between agonistic and antagonistic muscles. Despite these limitations, the main conclusions of the study are probably robust.
In conclusion, the presence of muscle fatigue significantly alters the relation between surface EMG amplitude and muscle force in a way that prevents the use of a simple scalar factor to compensate for the alteration of the EMG-force curve. The changes in the EMG-force curve indeed depend not only on the level of fatigue but also on the way in which fatigue is induced. Valid predictions of muscle force from the surface EMG, therefore, are not possible in contractions sustained long enough to induce muscle fatigue.
Appendix A
The appendix reports the model equations not presented in the main text and the parameter values used in the current study. The equations reported previously are not duplicated here; those related to the motor unit and isometric force models can be found in Fuglevand et al. (1993a) and Barry et al. (2007) , and those for the EMG model can be found in Farina et al. (2004) and Dimitrova & Dimitrov (2003) . 
